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esponsibility of ChinAbstract Thermomechanical fatigue behavior of a nickel base single crystal superalloy TMS-82 has
been investigated. It was found that the micropores in the alloy tend to initiate large amounts of
deformation twins and the crack causes many twins to occur during its propagation. It is postulated that
these twins around the micropores or the crack are induced by the stress ﬁeld of the micropores or the
crack tip, respectively. A thermodynamic model is adopted linking the twin formation energy with the
stress ﬁeld around the crack tip, which explains the observed results with good consistency. The
inﬂuencing factors for a crack to stimulate twins around it are shown by the model, which might provide
possible ways to enhance the alloy's thermomechanical fatigue performance.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Due to their excellent creep strength and good resistance to
corrosion at high temperatures, nickel base single crystal super-
alloys have been widely used as important components in enginesearch Society. Production and hostin
5
ls Science and Engineering,
, Jinan, Shandong Province
15.
J. Zhang).
ese Materials Research Society.[1–7]. Considering their working conditions, researchers have
performed various kinds of studies to investigate their properties,
including tensile and compressive tests, creep tests and fatigue
tests. During these investigations, twins were found to inﬂuence
the alloys' performances greatly. Shimabayashi et al. [8] have
reported that the creep strength can be increased by impeding
mechanical-twin formation. Besides, twins might also cause the
asymmetry between tensile yield strength and compressive yield
strength [9]. During thermomechanical fatigue (TMF) processes,
twins were also observed by different researchers and their
inﬂuences on the damaged behavior of the alloys were reported
[10,11]. Kang et al. [12] studied the fatigue properties of single
crystal nickel-based superalloy CMSX-4 both under the out-of-
phase TMF condition and during the low cycle fatigue process.
They drew a conclusion that twins around the crack tip could makeg by Elsevier B.V. All rights reserved.
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the material. This conclusion was consistent with the results
observed by Hong et al. [7,11]. Moreover, the interaction between
twins and other defects were studied by different researchers with
various methods [13–16], which provides useful results for the
comprehension of their inﬂuences on the properties of materials.
Due to the sudden feature of TMF failure, it may cause disastrous
results, especially for these important components. Thus the
microstructural evolution during TMF process should be well
understood to improve properties of the superalloys.
In the present study, TMS-82 nickel base single crystal super-
alloy was chosen as the material. Out-of-phase TMF tests were
carried out to simulate the cyclic condition during service and the
microstructural evolution was investigated in detail. The origin of
twins, their distribution feature and the interaction between them
and micropoles, cracks were studied according to both the
experimental observations and the thermodynamic calculations.
Their inﬂuences on the properties of the superalloys were also
analyzed, which are useful for the further development of the
superalloy.Fig.1 Experimental details (a) illustration of TMF tests and (b) the
stress–strain hysteresis loop.
Fig.2 Microstructure of specimen after rupture and the diffraction
pattern of the twin.2. Materials and experimental
The experimental materials for TMF tests were prepared from the
second-generation nickel base single crystal TMS-82 superalloy
developed by National Institute for Materials Science, Japan. Its
nominal composition is listed below (wt%): Co 7.8, Cr 4.9, Mo
1.9, W 8.7, Al 5.3, Ti 0.5, Ta 6.0, Hf 0.1, Re 2.4 and the balance
of Ni. The volume fraction of the γ′ phase is about 60% and the
average size of the γ′ cuboids is 0.4 μm. The heat treatment
procedure was as follows:
1300 1C/1 h-1320 1C/5 h AC-1150 1C/4 h AC-870 1C/20 h
AC (AC: air cooling).
Cyclindrical specimens were machined from single crystal bars
along [001] orientation, with a gauge length of 12 mm and
diameter of 6 mm. TMF tests were carried out on a hydraulic-
servo system fatigue machine (MTS type 810) with a capacity of
750 kN. To simulate the actual conditions of blades and vanes,
the following experimental conditions were adopted. The tem-
perature range was 400 1C2900 1C in air, the total strain range,
εt¼1.28% (70.64%), the frequency was (0.1þth) (h)/cycle, where
th¼1 h which was the hold time at the maximum testing
temperature of 900 1C with wave form, trapezoidal, phase, out-
of-phase. Fig. 1 illustrates this process schematically.
The microstructural evolution of the specimens was observed
with the aid of optical microscope (OM), JEOL JSM-6060
scanning electron microscope (SEM) and JEOL 2000 FX II
transmission electron microscope (TEM).3. Results and discussion
3.1. Experimental observations
Fig. 2 illustrates that in the ruptured TMF specimen (after 70
cycles), deformation twins are present. The twinning characteristic
in nature has been identiﬁed by the inserted selected area electron
diffraction pattern. The twin plates are very straight and can pass
through the γ and γ′phases freely. Further observation shows that
in most cases, twins initiate around the micropores in the speci-
men, as can be seen in Fig. 3. Both the OM image and the SEMimage conﬁrm this result. It is postulated that the stress ﬁeld
around the micropores causes the phenomenon of twinning to
occur during TMF cycling. The fatigue failure mechanism related
to twinning in the superalloy can be schematically illustrated by
Fig. 4. When a tensile or compressive stress is applied along the
[001] direction, there will exist strong stress ﬁeld around a pre-
existing micropore in the specimen (Fig. 4(b)). If the stress is
higher than the critical stress required to move the twinning
dislocations, twins will nucleate and propagate in the specimen
(Fig. 4(c)). After the twin reaches the edge of the specimen, it will
cause a signiﬁcant stress concentration, which can then lead to the
formation of a microcrack (Fig. 4(d)). Along with the growth of
the microcrack, the stress ﬁeld associated with it becomes stronger
and stronger, which will in turn cause more twins to form. Thus,
Fig. 3 The initiation site of twins (a) OM image and (b) SEM image.
Fig. 4 The formation mechanism of twins around the micropole (a) a
pre-existing pole in the specimen; (b) the stress ﬁeld of the micropole
under stress; (c) the formation of a twin from the micropole and (d) the
initiation of a microcrack around the twin.
B. Fu et al.510due to the interaction between cracks and twins, the TMF life of
the alloy decreases greatly.
Fig. 5 shows the detailed fractography of a fractured specimen
with the aid of SEM observation. The upper left is an overall
morphology of the ﬂat fracture surface, which displays a typical
brittle fracture characteristic. The fan-shaped area on the left is the
initiation site of the crack and three arrows (T1, T2, and T3) mark
the crack propagation directions. The illustration below describes
the observation sites (A–I and X) in SEM. The detailed character-
istics are shown in the images. The white lines are the intersections
of twin plates with the fracture surface. It is very important to note
that the tongue-shaped area (enclosed by markers A–D–G–E) has
dense white intersection lines, which means that many deformation
twins appear in this area. The distribution feature of deformation
twins along the main crack means that the stress ﬁeld around the
crack tip becomes stronger and stronger with its propagation,
especially in the tongue-shaped area.
The microstructure of the fractured specimen close to the crack,
taken with optical microscope at a low magniﬁcation, is shown in
Fig. 6. The scratch-like traces on the metallographic specimen are
the intersections of the deformation twins with the (100) section
plane. The observation for the crack initiation site is shown in
Fig. 6(a). There exist few deformation twins in this position due to
the weak stress ﬁeld of initial short crack. However, it is obvious
that the crack propagates along the deformation twin boundaries
due to the fact that a twin boundary is weak in the crystal. Withpropagation, the crack opening displacement will become larger
and larger. Fig. 6(b) illustrates the distribution of dense deforma-
tion twins in the center area of the fatigue fracture. At this time the
crack still propagates along the twin boundaries. Existence of large
amounts of deformation twins means that the stress ﬁeld around
the crack tip in this position is strong enough to cause more twins
to occur.3.2. Theoretical considerations
Given the important inﬂuence of the interaction between cracks
and twins on the thermomechanical fatigue behavior of the
superalloy, the condition for a crack to stimulate twinning around
its tip is considered based on the thermodynamic model estab-
lished by Fischer et al. [17].
According to the observation (Fig. 5), the crack surface is
approximately parallel to the (111) plane. There are three
elementary fracture types. The ﬁrst fracture type usually occurs
in tensile tests, with a fracture plane perpendicular to the direction
of normal force. The second fracture type and the third fracture
type are both caused by shear stress. For the second fracture type,
the crack propagates along the direction of shear stress, while the
crack propagates perpendicular to the shear stress for the third
fracture type. The experimental results show that the crack is a
Fig. 5 The fractography of the specimen by SEM.
Fig. 6 OM images of twins at (a) the crack initiation site and (b) the center of the fatigue fracture.
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Fig. 7 shows the crack model schematically. In this experimental,
load is applied along the (001) direction, thus the angle ϕ between
the crack surface and the loading direction equals 54.741. The
relative position between the crack and a twin around its tip is
shown in Fig. 8. Here ellipsoid NO represents the crack, with its
length NO being 2a. Meanwhile, the twin is denoted by the shaded
rectangle ABCD, with its two-dimensional size being l (AB) and h
(AD). It is important to note that h is much smaller than l, which is
consistent with the experimental observations. Besides, the twin is
assumed to have unit thickness perpendicular to the xy-plane,
which is not shown in the ﬁgure. For convenience of calculation,
two coordinate systems are adopted.
On the basis of crystallography, there exist four possible planes
for twinning, including the (111), (111), (111) and (111) planes. Asa result, the angle β between the crack and the twin in Fig. 8 can be
01 (denoted as a twin of the ﬁrst type) or 70.531 (denoted as a twin
of the second type). Moreover, according to previous results by Yu
et al. [18] and Benyoucef et al. [19], the stacking fault energy in γ′
phase is much larger than that in γ phase. Given the theory that
materials with a lower stacking fault energy are more prone to form
twins, it is inferred that twins initially form in the γ phase.
Following the model raised by Fischer et al. [17], the twin
formation energy is sorted into three categories. The dissipated
work Wd during twinning is
Wd ¼ τcγThl ð1Þ
where τc is the critical shear stress required to form a twin and γT is
the shear strain. And due to the fact that in this model h is much
smaller than l and the unit thickness of the twin, the interface
Fig. 7 The mixed type crack model according to the experimental
results.
Fig. 8 Relative position of the twin and crack.
Fig. 9 The relationship between the critical length of a crack to
induce a twin with the angle ω (for a twin of the ﬁrst type).
B. Fu et al.512energy Ei is given by
Ei¼ 2sl ð2Þ
where s is the speciﬁc twin-boundary energy. Its value is
approximately one half of the stacking fault energy. Therefore,
the above equation becomes
Ei¼ γSFl ð3Þwhere γSF is the stacking fault energy of the gamma phase. And the
stored elastic strain energy Es is
Es¼ h2γ2T
μð1þ υÞ
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where μ is the shear modulus and υ is the Poisson's ratio.
The total twin formation energy is a sum of these three terms,
denoted by Ea. Its minimum is obtained through differentiation
and iteration. During the calculation, the critical shear stress is
thought to be independent of the size of the twin.
The driving force E, offered by the crack, based on the principle
of elastic mechanics is
E¼ ðτx0y0 ;Iþτx0y0 ;IIÞγThl ð5Þ
where τx′y′,I and τx′y′,II are the shear stresses in the x′y′ coordinate
system for the ﬁrst type crack and for the second type crack
separately, given by
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For a crack in Fig. 7, the resolved stress intensity factors for the
ﬁrst type crack and for the second type crack KI and KII are
separately given by
KI¼ s0
ﬃﬃﬃﬃﬃ
πa
p
sin2ϕ ð8Þ
KII¼ s0
ﬃﬃﬃﬃﬃ
πa
p
sin ϕ cos ϕ ð9Þ
where s0 represents the stress along [001] direction, being
950 MPa in our test.
The crack can stimulate a twin around it only when E surpass
the twin formation energy Ea. To obtain the critical condition, the
following parameters are adopted. μ¼46 GPa, υ¼0.39, γSF¼31
mJ/m2, τc¼50 MPa, γT¼
ﬃﬃﬃ
2
p
=2, h¼4 nm, and l¼20 μm.
Since there exist two kinds of twins, we consider the stress ﬁeld
of the crack where rsin ω¼0.5 mm, for the sake of comparison.
For a twin of the ﬁrst type, the relationship between the critical
length a to induce a twin and the angle ω is shown by Fig. 9. It is
noticeable that the minimum of a is 0.050 mm at ω¼321. For
a twin of the second type, the relationship between them is shown
Fig. 10 The relationship between the critical length of a crack to
induce a twin with the angle ω (for a twin of the second type).
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which means that twins of the second type are more difﬁcult
to form.
Therefore, at the initial stage, when the length of a crack is
smaller than the critical value, no or few twins could be stimulated
by the crack. Along with its propagation, its length surpasses the
critical value, then many twins form around its tip. Moreover,
according to the calculations above, twins of the ﬁrst type are more
prone to form compared with those of the second type. These
deductions are consistent with the experimental results, as shown by
intersections of different orientations in Fig. 5.4. Conclusions
The thermomechanical fatigue property of the TMS-82 superalloy
has been studied in detail and the following conclusions can be
drawn:
1. Twins developed during the out-of-phase thermomechanical
fatigue process.
2. Micropoles, twins and cracks interact with each other and
jointly determine the thermomechanical fatigue performance
of the alloy.3. There exists a critical condition for a crack to induce twins
around it, which can be determined based on the thermo-
dynamic model. The mainly inﬂuencing factors are the
relative position between the crack and the twin and the
crack's length for a speciﬁc alloy.4. Two kinds of twins can form around a crack tip in thisprocess, with different forming abilities due to their various
relative positions to the crack.Acknowledgments
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